Introduction {#sec1-1}
============

Parkinson\'s disease is a chronic, progressive, neurodegenerative disorder affecting mainly older people. This disease is characterized by massive degeneration of dopaminergic neurons in the substantia nigra pars compacta (Wang et al., 2013; Fan et al., 2014). Subsequently, a reduction of dopamine levels is observed in the striatum, the region receiving the majority of the projections from the substantia nigra, and this is considered to underlie the most overt (motor) symptoms of the disease (Fahn, 2003). Since current therapeutic strategies offer symptomatic improvement only, the development of treatment strategies that delay or prevent the progression of Parkinson\'s disease has become an important goal.

Polysaccharides are important macromolecular substances in organisms as they provide the main source of energy in many creatures and are involved in almost every process in life. Previous studies examining polysaccharides were mainly focused on those polysaccharides derived from plants, such as *astragali* and *Ganoderma*. However, increasingly more attention has become focused on the polysaccharides derived from *Spirulina platensis* (Joventino et al., 2012). *Spirulina platensis*, a blue-green alga, was originally used as a source of nutrition in some African areas. The polysaccharide extracted from *Spirulina platensis* (PSP) is a water-soluble, nontoxic heteropolysaccharide. It consists of rhamnose, xylose, glucose, galactose, and arabopyranose glucuronic acid (Chen et al., 2012). PSP participates in a variety of biological functions, including those related to anti-aging, reducing hypercholesterolemia, facilitating protein synthesis, enhancing immune functions, and anti-radiation (Majdoub et al., 2009; Yang et al., 2012). Some of these biological functions suggest that PSP may play a neuroprotective role in organisms. However, it is currently unknown whether PSP provides a neuroprotective effect in dopamine neurons. Therefore, the aim of the present study was to determine whether PSP protects dopaminergic neurons in a C57BL/6J mouse model of Parkinson\'s disease induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and, if so, to determine the possible mechanisms for this protective action.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Male 10-week-old C57BL/6J mice (specific pathogen-free grade, clean level, 23--28 g, *n* = 130) were obtained from Vital River Laboratory Animal Research Center, Beijing, China (license No. SCXK (Jing) 2002-2003). Mice were maintained under a 12-hour light/dark cycle with lights on at 7:00 a.m. The temperature was maintained at 19 ± 2°C, and mice were permitted water and food *ad libitum*. All experimental procedures were approved by the Qingdao University Committee for Animal Care in China.

Grouping and interventions {#sec2-2}
--------------------------

For the immunohistochemistry assay, mice were randomly divided into the following three groups (*n* = 10 per group): control, MPTP, and 800 mg/kg PSP. For the reverse transcription polymerase chain reaction (RT-PCR) assay, mice were randomly divided into the following five groups (*n* = 10 per group): control; MPTP; 200, 400, or 800 mg/kg PSP + MPTP. Mice in the control group were intraperitoneally injected with normal saline. Mice in the MPTP groups were injected with MPTP (15 mg/kg, intraperitoneal; Sigma, St. Louis, MO, USA) four times within 24 hours, at 6-hour intervals (Ye et al., 2014). Mice in the 200, 400 or 800 mg/kg PSP + MPTP groups were given 200, 400 or 800 mg/kg of PSP (Sanya Neptunus Marine Biological Technology Co., Ltd., Sanya, Hainan Province, China) *via* gastric lavage once daily for 10 days. Following completion of the PSP pretreatment, the mice were injected with MPTP (15 mg/kg, intraperitoneal) four times within 24 hours. All mice were killed 24 hours after the last MPTP treatment.

For the biochemical detection assays, mice were divided into the following five groups (*n* = 10 per group): control; MPTP; PSP + MPTP; PSP; deprenyl + MPTP. Mice in the control group were intraperitoneally injected with normal saline. Mice in the MPTP groups were injected with MPTP (15 mg/kg, intraperitoneal) four times within 24 hours. Mice in the PSP + MPTP group were given 800 mg/kg PSP once daily *via* intragastric administration for 10 days, and then were injected with MPTP (15 mg/kg, intraperitoneal) four times within 24 hours. Mice in the PSP group were given 800 mg/kg PSP once daily for 10 days *via* intragastric administration. Mice in the deprenyl + MPTP group, serving as a positive control, were given 0.5 mg/kg deprenyl (Sigma, St. Louis, MO, USA) *via* intragastric lavage once daily for 10 days (Haji Ghasem Kashani et al., 2013), and then they were injected with MPTP (15 mg/kg, intraperitoneal) four times within 24 hours.

Immunohistochemical determination of tyrosine hydroxylase (TH) and dopamine transporter (DAT) in substantia nigra pars compacta in a mouse model of Parkinson\'s disease {#sec2-3}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

At 24 hours after the last MPTP injection, mice were deeply anesthetized with sodium pentobarbital (60 mg/kg, intraperitoneal) and transcardially perfused with 4% paraformaldehyde in PBS. Brains were removed and dehydrated for 24 hours in 25% sucrose. Horizontal midbrain sections at a thickness of 16 μm were cut through the substantia nigra (−2.92 mm to −3.88 mm from bregma) (Paxinos and Watson, 2005). The sections were processed for TH and DAT immunohistochemistry using the streptavidin-peroxidase method. Specimens were incubated with 0.3% H~2~O~2~ formic acid solution at 37°C for 30 minutes, rinsed with PBS, blocked with 10% goat serum at 37°C for 1 hour, and incubated with rabbit anti-DAT polyclonal antibody (1:50; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) and rabbit anti-TH polyclonal antibody (1:5,000; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.) in a humid chamber at 4°C overnight. After another wash in PBS, specimens were incubated with biotin-labeled goat anti-rabbit IgG (Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.) at 37°C for 30 minutes and horseradish peroxidase-conjugated streptavidin solution (Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.) at 37°C for 30 minutes. After another PBS wash, specimens were developed using 3,3′-diaminobenzidine (Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.), followed by gradient ethanol dehydration, xylene clearing, and mounting. The sections were observed under a light microscope (Olympus, Tokyo, Japan).

The TH immunostaining was analyzed by counting the number of TH-immunoreactive neurons. The number of TH-immunoreactive neurons in the substantia nigra pars compacta was counted in four fields (40 × 10) within one section. The average number of positive cells in four fields per slide was used to represent TH-immunoreactive neurons.

The DAT immunoreactivity was analyzed with a Simple PCI computerized image analysis system (C-imaging Co, Ltd., Irvine, CA, USA) as described by Andringa et al. (2005). DAT immunoreactivity was determined in the substantia nigra pars compacta to detect the MPTP-induced DAT loss in nigral neuronal cell bodies. Images were captured using a digital camera (Olympus, Tokyo, Japan). In the substantia nigra pars compacta, optical density was analyzed at three rostrocaudal levels, whereas nonspecific labeling was measured in the thalamus. Specific immunoreactivity was calculated by subtracting the nonspecific immunoreactivity assessed in the thalamus from the immunoreactivity assessed in the substantia nigra pars compacta. The DAT binding ratios were expressed as specific immunoreactivity divided by nonspecific immunoreactivity.

RT-PCR detection of TH and DAT mRNA expression in substantia nigra in a mouse model of Parkinson\'s disease {#sec2-4}
-----------------------------------------------------------------------------------------------------------

Total RNA was isolated from the substantia nigra using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized from 3 μg of total RNA treated with DNAse by reverse transcription according to the kit instructions (4 μL of MgCl~2~ (5 mM), 10 × Buffer (2 μL), dNTPs (1 mM, 2 μL), 0.5 μL of AMV Reverse Transcriptase (15 U), 0.5 μL of RNase inhibitor (0.5 U), 1 μL of Oligo(dT) primer (0.5 μg), 5 μL of mRNA, RNase free water, total 20 μL). Total RNA and Oligo(dT) primer were incubated at 70°C for 10 minutes prior to reverse transcription. After incubation for 1 hour at 42°C, the reaction was terminated by incubation with a denaturing enzyme for 5 minutes at 99°C. For PCR amplification, the following primers were used:
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All primers were designed to include intron regions using primer 5 (Sangong Biotech Co, Ltd., Shanghai, China). The reaction mix contained 1.0 μL of cDNA, 0.5 μL of 10 μM each primer, 2 μL of 10 mM dNTP mix, 2 U of Taq polymerase, and 2.5 μL of 10 × reaction buffer. Water was added to achieve a final volume of 25 μL. PCR was performed in a DNA Thermal Cycler (PTC-2000). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA and TH cDNA were amplified under conditions of 35 cycles of 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 45 seconds. DAT cDNA was amplified under conditions of 35 cycles of 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 60 seconds.

Following RT-PCR, the GAPDH and TH/DAT PCR products were mixed together and loaded on the same agarose gel. The gel was stained with ethidium bromide and photographed under ultraviolet light. Band densities were obtained using Gis-1000 software (Tanon, Shanghai, China). The amount of TH and DAT mRNA in each brain structure from the different groups was estimated as optical density ratio of TH(DAT)/GAPDH.

Biochemical detection of monoamine oxidase B (MAO-B), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) in the serum and midbrain in a mouse model of Parkinson\'s disease {#sec2-5}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

At 24 hours after the last injection of MPTP, blood samples were collected by retro-orbital puncture from anesthetized mice, placed in heparin anticoagulation EP tubes, and centrifuged at 4°C and 6,500 r/min for 10 minutes. The supernatant was collected for analysis. The midbrains were rinsed in chilled normal saline, blotted dry on ash-free filter paper, and weighed. After nine washes with normal saline and ultrasonic homogenization in an ice bath for 10 seconds, 10% brain tissue homogenates were prepared and centrifuged at 4°C at 2,500 r/min for 10 minutes. The supernatant was aspirated for analysis. The protein concentration of the brain tissue was detected according to the assay kit instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu Province, China). The activities of MAO-B at a wavelength of 242 nm, SOD at 550 nm, and GSH-Px at 412 nm were detected with an ultraviolet spectrophotometer (Beijing Purkinje General Instrument Co., Ltd., Beijing, China).

Statistical analysis {#sec2-6}
--------------------

Statistical analysis was performed using SPSS 16.0 software (SPSS, Chicago, IL, USA). Data are expressed as the mean ± SD. One-way analysis of variance and the Student-Newman-Keuls multiple comparisons test were used for statistical analysis. Values of *P* ≤ 0.05 were considered statistically significant.

Results {#sec1-3}
=======

Effect of PSP on TH and DAT immunoreactivities in the substantia nigra pars compacta of mice with MPTP-induced Parkinson\'s disease {#sec2-7}
-----------------------------------------------------------------------------------------------------------------------------------

The results of the immunohistochemical analysis showed that mice in the MPTP group had significantly fewer TH-immunoreactive neurons and a lower DAT binding ratio in the substantia nigra pars compacta than mice in the control group (*P* \< 0.01). After PSP pretreatment, the mean number of TH-immunoreactive neurons and the DAT binding ratio in the substantia nigra pars compacta were significantly increased compared with those for mice in the MPTP group (*P* \< 0.01; [**Figure 1**](#F1){ref-type="fig"}).

![Effect of PSP (800 mg/kg) on TH and DAT immunoreactivities in the substantia nigra pars compacta of mice with MPTP-induced Parkinson\'s disease.\
(A) Microphotographs of TH immunostaining in the substantia nigra pars compacta and DAT immunostaining in substantia nigra of MPTP-injected mice (immunohistochemical staining, × 4). Arrows show TH or DAT positive expressin. (B) Effect of PSP on the number of TH-immunoreactive cells and DAT binding ratio in the substantia nigra of mice with MPTP-induced Parkinson\'s disease. Data are expressed as the mean ± SD. One-way analysis of variance followed by Student-Newman-Keuls multiple comparisons test was used for statistical analysis. \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. MPTP group. The experiments were repeated three times. PSP: Polysaccharide from *Spirulina platensis*; TH: tyrosine hydroxylase; DAT: dopamine transporter; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.](NRR-10-308-g002){#F1}

Effect of PSP dose on TH and DAT mRNA expression in the substantia nigra of mice with MPTP-induced Parkinson\'s disease {#sec2-8}
-----------------------------------------------------------------------------------------------------------------------

The results from the RT-PCR analysis showed that the levels of TH and DAT mRNA expression in the substantia nigra of MPTP-treated mice were significantly decreased compared with those in the control group (*P* \< 0.01). However, PSP (800 mg/kg) pretreatment significantly increased the mRNA expression of TH and DAT in the substantia nigra compared with that in mice treated with only MPTP. By contrast, neither the 200 nor the 400 mg/kg PSP dose significantly affected the mRNA expression of TH or DAT compared with that in mice treated with only MPTP (*P* \< 0.01; [**Figure 2**](#F2){ref-type="fig"}).

![Effect of PSP dose on TH and DAT mRNA expression in substantia nigra of mice with MPTP-induced Parkinson\'s disease.\
(A) Lanes represent the results from the following groups: 1: DNA marker; 2: MPTP group; 3: MPTP + PSP 200 mg/kg group; 4: MPTP + PSP 400 mg/kg group; 5: MPTP + PSP 800 mg/kg group; 6: control group. (B) Data are expressed as the mean ± SD (*n* = 10 mice in each group). One-way analysis of variance followed by the Student-Newman-Keuls multiple comparisons test was used for statistical analysis. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. control group; \#\#*P* \< 0.01, *vs*. MPTP group. PSP: Polysaccharide from *Spirulina platensis*; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TH: tyrosine hydroxylase; DAT: dopamine transporter.](NRR-10-308-g003){#F2}

Effect of PSP on activities of MAO-B, SOD, and GSH-Px in the serum and midbrains of mice with MPTP-induced Parkinson\'s disease {#sec2-9}
-------------------------------------------------------------------------------------------------------------------------------

The activity of MAO-B in the serum and midbrains of mice in control, MPTP, PSP, and PSP + MPTP groups were similar (*P* \> 0.05), but the MAO-B activity in the serum and midbrains of mice in the deprenyl + MPTP group was significantly decreased compared with that for mice in the MPTP group (*P* \< 0.01; [**Figure 3**](#F3){ref-type="fig"}).

![Effect of PSP on the activities of MAO-B (A), SOD (B), and GSH-Px (C) in the serum and midbrains of mice with MPTP-induced Parkinson\'s disease.\
Data are expressed as the mean ± SD (*n* = 10 mice in each group). One-way analysis of variance followed by Student-Newman-Keuls multiple comparisons test was used for statistical analysis. \*\**P* \< 0.01, *vs*. control group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. MPTP group. PSP: Polysaccharide from *Spirulina platensis*; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MAO-B: monoamine oxidase B; SOD: superoxide dismutase; GSH-Px: glutathione peroxidase.](NRR-10-308-g004){#F3}

The activity of SOD in the serum and midbrains of mice in the MPTP group was significantly decreased compared with that in the control group (*P* \< 0.01). However, pretreatment with 800 mg/kg PSP or with 0.5 mg/kg deprenyl significantly increased the activity of SOD compared with that in mice treated with only MPTP. In addition, there was no significant difference in SOD activity between mice in the 800 mg/k PSP group and those in the control group ([**Figure 3**](#F3){ref-type="fig"}).

The activity of GSH-Px in the serum and midbrains of mice in the MPTP group was significantly decreased compared with that in the control group (*P* \< 0.01). However, pretreatment with 800 mg/kg PSP or 0.5 mg/kg deprenyl significantly increased the activity of GSH-Px compared with that in mice treated with only MPTP (*P* \< 0.01). In addition, there was no significant difference in GSH-Px activity between mice in the 800 mg/kg PSP group and those in the control group ([**Figure 3**](#F3){ref-type="fig"}).

Discussion {#sec1-4}
==========

The present study investigated the neuroprotective effect of PSP on MPTP-induced neurotoxicity. Our findings indicated that the highest dose of PSP effectively protected against the MPTP-induced loss of TH-positive neurons in the substantia nigra. PSP also attenuated the reduction in TH and DAT expression induced by MPTP. Furthermore, PSP attenuated the decrease in dopamine levels and the increase in dopamine metabolism rates in MPTP-treated mice. We also found that PSP protected against the reduction in SOD and GSH-px caused by MPTP.

TH is the rate-limiting enzyme for dopamine synthesis in dopaminergic neurons (Bézard et al., 2013). The physiological function of DAT is to reuptake the released dopamine from the synaptic cleft into vesicles, which is important for the transient function and salvage of dopamine (Eriksen et al., 2010). DAT is synthesized in the perikarya, dendrites, and axons of dopaminergic neurons and then transported to the membrane. High transcriptional levels of TH and DAT are reported in the midbrain and ventral tegmental area (Elsinga et al., 2006). Consistent with another report, the results of the present study showed that the immunoreactivity for TH and DAT was weaker and the expression of TH and DAT mRNA was decreased in MPTP-treated mice, suggesting that the majority of dopaminergic neurons were lost in this mouse model of Parkinson\'s disease (Meissner et al., 2003). Dopamine is synthesized in the substantia nigra pars compacta and released in the striatum to exert its physiological functions (Messripour and Mesripour, 2013). Thus, the death of the dopaminergic neurons in the substantia nigra pars compacta would be expected to lead to a decrease in levels of striatal dopamine. However, the results of the present study showed that pretreatment with 800 mg/kg PSP inhibited the MPTP-induced decrease in the immunoreactivity and mRNA expression of TH and DAT. This evidence indicated that PSP has a neuroprotective effect on dopaminergic neurons and dopamine levels in mice with MPTP-induced Parkinson\'s disease.

The neurotoxin MPTP recreates a Parkinson\'s disease-like model in both rodents and primates (Kolata, 1983). MPTP neurotoxicity depends on the MAO-B-catalyzed production of MPP^+^, which is taken up selectively by dopaminergic neurons and concentrated in mitochondria (Dorszewska et al., 2013; Kim et al., 2014). Since MPTP neurotoxicity depends on MAO-B, the activity of MAO-B was examined in the present study to elucidate whether the protective effect of PSP was secondary to the inhibition of MAO-B. Deprenyl-treated mice served as the positive control for this experiment. The results showed that deprenyl significantly inhibited the activity of MAO-B. By contrast, PSP showed no apparent effect on the activity of MAO-B in either control or MPTP-treated mice, suggesting that mechanisms other than the inhibition of MAO-B are involved in the protective effect of PSP on dopaminergic neurons.

MPP^+^ inhibits the activity of complex I in the electron transport chain (Gluck et al., 1994), leading to the production of reactive oxygen species, loss of the mitochondrial membrane potential and ATP production, and neuronal death (Cassarino et al., 1999). MPP^+^ also induces DA efflux (Zhang et al., 2014), increasing dopamine autoxidation and oxidative damage (Rollema et al., 1988; Chiueh et al., 1993). The activities of SOD and GSH-px, important endogenous antioxidants, were analyzed in the present study to determine whether enhancing antioxidation was the mechanism underlying the protective effect of PSP. The results showed that the activities of SOD and GSH-px were significantly decreased in MPTP-treated groups, indicating that the excessive reactive oxygen species in these mice consumed endogenous antioxidants. However, mice pretreated with 800 mg/kg PSP showed an increase in the activities of SOD and GSH-px compared with those in the MPTP-treated groups. This evidence suggested that antioxidation is one of the mechanisms involved in the protective effect of PSP on dopaminergic neurons.

***Funding:** This study was financially supported by grants from the Natural Science Foundation of Shandong Province of China, No. ZR2011HQ008, ZR2011HM044*.

**Conflicts of interest:** *None declared*.

Copyedited by Smith T, Norman C, Yu J, Yang Y, Li CH, Song LP, Zhao M

[^1]: *These authors contributed equally to this work*.

[^2]: **Author contributions:** *FZ was responsible for the funds, provided and integrated the data, and wrote the paper. JL analyzed the data and performed statistical analysis. JGZ provided technical and information support. JXX instructed the study. All authors approved the final version of the paper*.
